Experimental observations on thermal injury and death of bacteria in the stationary phase can be explained by assuming that death results from inactivation of (XL) of N critical sites. It is assumed: (i) that inactivation of individual sites occurs at random and follows first-order kinetics, (ii) that the critical sites are identical and of equal heat resistance, and (iii) the bacterial population is homogeneous in heat resistance. A method is described for calculating k (the rate constant for inactivation of individual sites), N (sites per cell), and XL (the number which must be inactivated to cause death under the experimental conditions used) from experimental data. Theoretical curves calculated by using this model are identical with experimental curves, providing support for the assumptions used. Calculated values of N and XL were 130 and 21.7 for Pseudomonas viscosa and 175 and 2.7 for Salmonella anatum. There is considerable uncertainty in the absolute values of N, but they are probably > 100. It is predicted that XL will vary depending on the recovery medium used after heating. This theory is consistent with all experimental observations on thermal injury and death of bacteria.
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Heat treatment is one of the most widely used methods for destruction of spoilage and pathogenic bacteria. Mild-heat treatment, known as pasteurization, dates from the discoveries of Pasteur in 1860-64 (11) , and is widely used for food products which are adversely affected by excessive heating. Despite this long history, no adequate explanation has been developed for the mechanism of thermal destruction of bacteria by heat. An understanding of the mechanism and kinetics of thermal death of bacteria would be helpful in the practical use of heat in processing heat-sensitive foods.
Most textbooks of microbiology state that, at constant temperature, thermal death of bacteria is exponential with time, and thermal process calculations used in food processing are based on this assumption (2, 29) . However, examples of nonexponential survivor curves, too numerous to list, are found in the literature. They fall into four general types ( Fig. 1 ) which were recognized as early as 1912 by Eikjmann (10) . Curve A is the type commonly found by the most careful investigators and shows an initial lag in death rate followed by a logarithmic portion. Curve C is similar to curve A but tails. Wood (31) (20) and Chick (6) , working independently, with being the first to observe the apparently exponential nature of survivor curves, although Madsen and Nyman present few data to support their conclusions with regard to thermal death. Chick (7) also observed both concave and convex curves. She explained concave survivor curves as indicating a population heterogeneous in heat resistance; this remains the only satisfactory explanation. Rahn (25) replotted data of Reichenbach (28) obtained with "Bact. paratyphosum" to show that the shape of the survivor curve depends on the age of the culture, being concave at 5.5 hr, linear at 13.5 and 18 hr, and convex, with an initial lag in death rate, after 24 hr.
The theory that thermal death of bacteria follows the kinetics of a unimolecular reaction (firstorder kinetics) has been discussed in detail by a number of authors, including Rahn (26, 27) , Charm (5) , and Stumbo (29) (14) , and Wood (31) described multiple-site theories based on the assumption that death occurs when some fraction of N critical sites are inactivated. Rahn (26) pointed out that, by the laws of chance, some bacterial cells will have more sites inactivated and therefore be killed sooner than others even if the population is homogeneous in regard to heat resistance, but he ultimately rejected the multiple-site theory and, in 1945, stated that thermal death of bacteria is strictly logarithmic (27) . Kiga (17) , Johnson et al. (14) , and Wood (31) showed that the number of critical sites inactivated per cell would follow the binomial distribution if death results from inactivation of some fraction of N critical sites. The calculation is unwieldy, however, when N is large. The above authors were successful in predicting the general shape of the experimental curves (an initial lag followed by a logarithmic portion) but they were not able to fit their theoretical curves to actual experimental data, presumably because they had no means of determining the number of critical sites per cell and the number which must be inactivated to cause death. Other variations of multiple-site or multiple-hit theories have been proposed, particularly in connection with the effects of radiation (19, 33) . Zimmer (33) discusses models of multiple hits on a single target. Critical sites might also be of different heat resistance (1, 21) .
Although the same kinetic models have been proposed to explain survivor curves from heat and from ionizing radiation, the effects of ionizing radiation are quite different from heat. Heating procedure. Heating was carried out in sealed l-ml ampoules completely immersed in the water bath. Temperatures in the ampoules were measured in an identical ampoule with a thermocouple sealed inside. Holding times were recorded from the time the temperature reached 5 C below the holding temperature to removal from the water bath which gives a reasonable correction for come-up and cooling time. Ampoules were removed at intervals and immediately cooled in an ice-water bath.
Enumeration of survivors. The cooled ampoules were opened, and appropriate dilutions in peptone (BBL) water were plated in triplicate on the indicated agar.
Theoretical considerations. According to the model used, the probability that a cell survives is equal to the probability that the cell has less than XL of N critical sites inactivated. The binomial solution may be expressed as the following equation.
If XI = N, the expression reduces to the equation of Atwood and Norman (1) .
When N is large, the normal distribution approximates the binomial distribution (24) . 1 have derived a method of determining the rate constant (k) for inactivation of individual sites, the number of critical sites (N), and the number which must be inactivated to cause death (XL) from experimental data, by using the normal distribution. I am considering "sites" at the molecular level where a single event is required to change or inactivate a site. It 
where t is the time, k the rate constant, N the initial number of critical sites, and X the number of critical sites inactivated at any time (t). N and X are concentration terms, which may be expressed as sites per bacterium. Figure 2 shows the normal frequency distribution of sites inactivated in individual bacterial cells for various mean values of X (sites inactivated per bacterium). The curves are much broader toward the center of the range, the spread being greatest when 50% of the sites are inactivated, and the standard deviation (a) is a function of X. a = /1V rN-p (5) where p = the probability that a site is inactivated = X/N (6) and q = the probability that a site is not inactivated = (N -X)/N (7) To determine the fraction surviving at any time (t), (9) X = N(l -e-kt). For t = 4.5 min, X = 175 (Ie-(0.013)(4.5))= 9.9.
(10) (I 1) Substituting from equations 3, 4, and 10, squaring both sides, and rearranging, we obtain (d/a)2 = N(e 2kt 2e-(kt+kt50) +e-2kto)i (e -kt _e-2kt) (12) This is an equation with two unknowns, k and N. The times (t and t50) are determined experimentally and dia can be determined from the fraction surviving at time (t). From the fraction surviving at two different times, equation 12 can be solved simultaneously for k. There is no direct way to solve for k; solution requires substitution of values of k until the equality is satisfied. This is tedious if done by hand but can be done easily be computer.
Sample calculation. Salmonella anatum was heated at 55 C for various lengths of time, plated on Trypticase Soy Agar, and incubated at 35 to 37 C for 48 hr. The survivor curve was plotted, and the time that 50% of the population was killed (t50) was determined from the graph to be 1.2 min. Two experimental points which lay on the curve were selected and were used to solve equation 12 simultaneously for k.
At 2.5 min, the fraction is 0.108. From a table of the normal probability function, it can be determined the dla is 1.24 when the area of the tail of the normal probability function is 0.108.
Similarly, at 8.5 min, the fraction surviving is 0.000059 and dia is 3.85.
Substituting these values into equation 12
(1.24)2 = N(e 5.Ok _ 2e-37k + e-2.4k )/ (e-2.5 -e-5sk) (2.5 min) (13) (3.85)2 = N(e 17k -2e-97k + e-2.4k)V (e-8.5k _ e-17k ) (8.5 min) (14) Solving simultaneously for k (3.85)2/(1.24)2 = (e-17k _ 2e-9.7k + e-2.4
-(e-2.5k e-5Ok)i(e-5.Ok _ 2e-3.7k + e-2.4k)
*(e-8. (16) shqwed that, when bacteria are injected into the heating medium, the effective temperature is lower than that of the medium for the first few tenths of a minute so that the correction is justified.
I have applied this method of calculation to a number of survivor curves of type A or C, and agreement between calculated and experimental curves was excellent in all cases. With curves of type C, it is necessary to disregard the tail which apparently results from a small heat-resistant population as suggested by Wood (31) . Many of our experimental curves are more complex and these will be discussed in another paper.
The values calculated for k and N are markedly affected by small changes in the value selected for t.0. A change by ±0.1 min in tao may change the values of k and N several fold, the two being roughly inversely proportional. This means that the absolute values of k and N are quite uncertain since it is difficult to estimate t50 more accurately than ±0.1 min. However, the accuracy of the parameters N, k, and XL calculated from various estimates of t50 can be checked to some extent by comparing theoretical curves calculated by using these parameters with the experimental curves. If N is < 100 & the theoretical curve falls decidedly below thV extrapolated logarithmic portion of the experimental curve after a 105-to 106-fold reduction in survivors. We have carried many survivor curves through a 108-to 109-fold reduction in survivors, and, in all cases, they continue to be nearly logarithmic or tail to the right. Therefore, N is probably > 100 and values below 100 are questionable. Calculated values of N from a number of experiments have generally been in the 100 to 200 range.
In the example shown in Table 1 , the value of 1.2 min was used for t,0. If 1.3 min is used, k is negative which cannot be; if a value of 1.1 min is used, k = 0.052/min, N = 37.8, and XL = 2.1. The curves are compared in Table 4 . The deviation between the calculated curves is slight up to 8.5 min, but is very marked at 16.5 min. The experimental number of survivors at 16.5 min is too few (ten) for a precise estimate but is certainly closer to the curve calculated by using N = 175.
Despite the large uncertainty in the absolute values of k, N, and XL, the results are consistent with a model where death results from inactivation of a small fraction of a large number of critical sites. Precise computation of N will require The model used makes the simplifying assumptions that N and XL are the same in each cell in the population and that each site is of the same heat resistance. The assumptions are not unreasonable for bacteria in the stationary phase giving a curve of type A, and this model is consistent with the experimental data under these conditions. For bacteria in the logarithmic growth phase which typically give curves of type D, a more complicated model will be necessary allowing for variability in the heat resistance of the population.
The nature of the critical sites is unknown. They are probably not enzymes since "death" usually occurs when only a small per cent of the sites are inactivated. It seems improbable that inactivation of only a small per cent of an enzyme would seriously affect the viability of a bacterium. Parts of the bacterial cell other than critical sites might be damaged during heating. Unless this damage affects the viability of the cell, it would not be reflected in the kinetics data.
landolo and Ordal (13) presented evidence that the primary injury to heated bacterial cells is damage to the cell membrane as evidenced by leakage of potassium, amino acids, and nucleotides or nucleic acids, and the loss of salt tolerance. The kinetics data are not inconsistent with the hypothesis that the critical sites are structures contained in or making up the cell membrane. Inactivation of critical sites in the cell membrane might create holes in the membrane. Substances which could not pass through the intact membrane could then diffuse in or out of the cell. Inactivation of only one site could allow some leakage; the more sites which were inactivated, the more the leakage. In a rich medium, the cell might survive a loss of constituents which would be fatal in a lean medium. Damage to the cell membrane would allow penetration of toxic agents which cannot pass through an intact cell membrane. This would account for the lower recoveries of heated S. faecalis noted by Clark et al. (8) , on selective agar plates (which contain toxic agents) as compared with a nonselective agar.
From a practical standpoint, these results support the assumption, made by many authors, that the survivor curve after the initial lag is essentially logarithmic if the population of bacteria is homogeneous with regard to heat resistance. We will present data in a subsequent paper showing that bacterial populations are frequently heterogeneous in heat resistance. Furthermore, the curves will vary depending on the heating and recovery media used. Clark et al. (8) showed that both lag time and slope varied depending on the type of agar used for plating. Dabbah et al. (9) showed that recovery may occur in liquid media when no survivors are noted on agar plates. Therefore, extreme caution is advisable in using survivor curves to determine conditions required to sterilize a bacterial population.
The approach to the kinetics of thermal death of bacteria described in this paper should be a useful tool in understanding the mechanism of heat injury and death, since it provides a method of calculating parameters probably related to actual physical structures in the cells. The model used is consistent with experimental kinetics data and satisfactorily explains degrees of sublethal injury observed which cannot be explained by other proposed models of thermal death. 
